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Abstract 
Orlander. G. 1986. Effect of plarzting nnd scarification orz the water relutions I r z  plurzted seedlzngs of 
Scotsplne. Studla Forestalia suecia 173. 17 pp. ISSN 0039-3150. ISBN 91-576-2691-X. 
The water relatrons in planted seedlings of Pirzus s,vlve.stris were measured to find out whether 
poor water uptake was an important factor affecting the planting result. 
Seedlings were planted in the field on six different occasions. The soil was prepared in four 
ways: ( a )  Scarified patch. ( h )  A mound of mmeral soil on thc scarified patch. ( c )  A mound of 
mineral soil on a section of upturned humus. ( d )  No scarification. Needle conductance, needle 
water potential and plant water conductance (G,) were measured on the seedlings during thc 
period after planting ( 1 4  years). It was found that the planted seedlings suffered from water 
stress, G, only being 2 4 6 %  of that in established references. Water uptake was reduced for several 
years after planting. Planting in mounds placed on mineral soil or in scarified patches favoured a 
high water uptake of the seedlings. The low water uptake of the seedlings after planting may 
explain the poor reforestation results frequently observed. 
Key words: Pinus sylvestris. water relations, needle conductance. water potential. planting. scarifi- 
cation. 
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Introduction 
The most frequently used reforestation method in 
Sweden is planting. Each year about 150,000 ha are 
planted with about 400 million seedlings. Since the 
mortality among the planted seedlings is considera- 
ble, there would be a lot to gain by increasing the 
number of surviving plants. 
On most forest sites survival and growth can be 
improved by removing the humus layer (scarifica- 
tion) and planting in the mineral soil (e.g. Barring, 
1965). Scarification is therefore widely used in Swe- 
dish forestry. Soderstrom (1976) and Soderstrom ct 
al. (1978) report that survival and growth can be 
further improved by planting in small mounds of 
mineral soil placed on the scarified patches. Thus. the 
micro-environment in which the seedlings are planted 
is very important for the planting success. In the last 
few years some methods for practical use have been 
developed for creating mounds of mineral soil and 
placing the mound either on mineral soil o r  on an 
upturned humus layer. 
Survival percentage and height increment are the 
most commonly used parameters for determining the 
planting result. Extensive field experiments are often 
necessary to  obtain results reliable enough to be ap- 
plied to practical reforestation work. However, ad- 
vances in plant physiology research have made it 
possible to  measure variables in the seedlings, which 
may be useful for judging the vitality of a plant in a 
given situation (e.g. Gadgil & Harris. 1980; Schmidt- 
Vogt, 1980: Puttonen. 1982). 
Kozlowski (1966) emphasizes the importance of a 
favourable internal water balance in transplants and 
considers that desiccation is the most important rea- 
son why planted seedlings d o  not survive. 
Soderstrom (1976) also stresses the importance of 
improving the water uptake in the seedlings by in- 
creasing the root growth. The water status in seed- 
lings would obviously be one interesting physiologi- 
cal variable to study, especially in planted, not estab- 
lished, seedlings. 
Several authors have found that the water uptake 
in seedlings of Picea abies is reduced by transplanting 
(Gurth, 1970; Lupke, 1973: Havranek, 1975; Par- 
viainen, 1979; Gross, 1980). Lupke (1973) compared 
the transpiration and water potential of transplanted 
top- and root-pruned seedlings with unplanted con- 
trols. Thirteen days after transplanting the reduction 
in transpiration due to planting was more than 50 %. 
The shootlroot ratio of the seedlings was of great 
importance, and root-reduction decreased while top- 
pruning increased the transpiration (on a needle 
weight basis). Some important causes of the planting 
shock are, according to Gross (1980). water loss from 
the seedling before planting, loss and damage of 
roots and poor contact between root and soil. Since 
the water uptake in seedlings is of major importance 
after planting, it has been studied in planted seedlings 
of a number of forest tree species, e.g. Pseudotsuga 
menziesii (Lupke, 1979; Childs, 1980). Larix decidua 
(Tranquillini, 1973), Pinus sylvestris (Hallman et al. ,  
1978; Huss & Koch, 1982), Pinus contorta and Pinus 
ponderosa (Baldwin & Barney. 19761, Pinus caribea 
(Williams, 1975; Bacon & Bachi-'3rd. 1978) and Picea 
glauca (Blake, !983). Some preliminary data concern- 
ing the effect of different scarification methods are 
presented by orlander (1982). 
The main objectives of the investigation were to 
study: (1) Is water uptake of planted seedlings off! 
sylvestris negatively affected by planting? (2) Is water 
uptake influenced by the scarification method?, and 
(3) Are there correlations between early measure- 
ments of water relations in th field and subsequent 
survival and growth? 
Material and Methods 
Plant material were selected to  be of a provenance genetically suita- 
Seedlings of Scots pine (Pinus sylvestris L.) were ble for the respective studty area. In Expts. 1-4 bare- 
planted in field experiments on six different occasions root seedlings were used, and in Expts. 5 and 6 con- 
(Experiments 1-6) in 1979 and 1980. The seedlings tainer-grown seedlings (Paperpot FH 408, Lannen, 
were commercially produced at two local nurseries Tehtaat OY, Finland) (Table 1). 
situated in the neighbourhood of the study areas and 
Table 1 .  Description of the experimental sites, plant material and experimental design 
Controls. 
Site description T~ckness of Seedlmg. mean he~ght  Number of Number of 
humus layer. Plantmg Seedlmg. mean height Control. ar plantmg, seedlings repl~ca- Total number 
E x p ~  Locallon So11 texture So11 moisture Vegetation cm date type cm type cm /plot tlons of seedlings Comment 
I S~ljansfors. S a d f i n e  sand Mesx Dwarf-shrub 3-5 
6P50'N. 14"25'E T~ l l  type 
Altitude 235 m 
2 Johann~sfors. Silt D~tched arable Grass 
(15 km NE UmeA) land 
6395.N. 2P35'E 
Alt~tude 40 m 
3 Johannisfors. Sand Dry Dwarf-shrub 2-3 
(15 km NE UmeA) TIII type 
63"55'N. 2P35'E 
Altitude 50 m 
4 Vmdeln. Svart- Sa11d-line sand M e w  Dwarf-shrub 3-5 
berget. F~eld T~ l l  type 
Res Stat~on 
W15.N. 19"45'E 
Alt~tude 225 m 
5 Johannisfors. Sand Dry Dwarf-shrub 2-3 
(15 km NE UmeA) T~ l l  type 
6335'N. 20"35'E 
Altitude 50 m 
6 Vmdeln. Svart- Sand-fine sand Mesic Dwarf-shrub 3-5 
berger. F~eld T~ l l  type 
Res Stallon 
64"l 5'N. IP45.E 
Altltude 225 m 
31 May 1979 Bare-roored 
3 year old 
transplants 
(211) 
10 June 1980 Bare-rooted 
2 year old 
transplants 
( I l l  1 
12 June 1980 Bare-rooted 
2 year old 
transplants 
( l i l )  
17 June 1980 Bare-rooted 
2 vear old 
I2  Aug 1980 Contamer- 
grown 
(paper-pots) 
I year old 
14 Aug 1980 Contamer- 
grown 
(paper-pots) 
I year old 
22 Naturally 36 15 4 (8)  180 
regene- 
rated 
13 5 year old 100 5 20 400 
pine plan- 
tation 
18 Naturally 18 10 I 40 
regene- 
rated 
15 Naturally 16 10 2 80 
regene- 
rated 
14 Naturally 26 10 1 40 
regene- 
rated 
13 Naturally 29 10 I 40 
regene- 
rated 
Treatment b. 
8 replcat~ons, 
Treatment d: 
4 repl~calions 
Experiment 
continued to 
Aug. 1980 
Exper~ment 
cont~nued to 
Aug. 1980 
Planted in the 
same place as 
Exp. 3 
Planted In the 
same place as 
Exp. 4 
Study areas 
The experiments were carried out in three different 
localities: Siljansfors (60°50'N, 14"25'E), Johannisfors 
(63"55'N, 20"35'E) and at the Field Research Station 
of the Faculty of Forestry in Vindeln, Svartberget, 
(64"15'N, 19O45'E). At Johannisfors two different sites 
were used. The sites are described in Table 1 accord- 
ing to the terminology of Hagglund & Lundmark 
(1977). The type of sites used for Expts. 1, 4 and 6 is 
rather frequent in Swedish forests, a mesic dwarf 
shrub type with a 3-5 cm thick humus layer on sandy 
till. Expts. 3 and 5 were carried out on dry, coarse 
soil. All forest sites were clear-felled 5- 10 years ear- 
lier, and naturally regenerated Scots pine seedlings 
were present at the start of each experiment. Expt. 2 
was made on formerly arable land which was partly 
planted in 1975. The soil was silty and grass-covered. 
Experimental design 
In each experiment the scarifiation was made in dif- 
ferent ways prior to  planting. The treatments were 
(see also Fig. 1): 
(a) The humus layer was removed in a 0.4x0.4 m 
square (scarified patch) and the seedling was planted 
in the centre of the patch. 
(b) A mound (10-15 cm high) of mineral soil was 
placed on the scarified patch, and the seedling was 
planted in the mound. 
(c) A mound (10-15 cm high) of mineral soil was 
placed on a section of the humus layer, turned upside 
down beside the scarified patch. 
(d) No scarification. 
In Expt. 1, however, only treatments ( 6 )  and (d) were 
studied. 
The scarification was made within 14 days before 
planting, except for Expts. 5 and 6, where the scarifi- 
cation was made in early June and the seedlings were 
planted in August. 
The seedlings were planted so that the deepcst part 
of the root system was 10 cm below the soil surface. 
The total number of seedlings per experiment varied 
from 40 to 400. The number of seedlings per plot and 
the number of replications in each experiment are 
shown in Table 1. On each experimental area some 
established, well-growing plants of Scots pine were 
selected as references (here denoted as controls). Ex- 
cept for Expt. 2, where plants from an older planta- 
tion were used, all the controls were naturally regen- 
erated. The controls were chosen to be. as far as 
possible, of the same size as the planted seedlings. 
Expt. 2 was ended in the autumn of 1980 because 
of high plant mortality. In Expts. 3 and 4 high see- 
dling mortality was found already after two months, 
and the experiments were thus ended. The dead see- 
dlings were removed and replaced by new seedlings in 
August 1980 (Expts. 5 and 6). 
Measurements 
The seedlings were studied rather intensively imme- 
diately after planting and thereafter less frequently 
(cf. Table 2, Fig. 6). On each measurement occasion 
needle conductance and needle water potential were 
usually measured on four o r  five randomly sampled 
living seedlings in each treatment. The number of 
Fig. I. Schematic picture of the scarification treatments and placing of the seedlings. a =  Scarified patch. b = Mound on 
mineral soil. c = Mound on  upturned humus. d = No scarification. 
measured controls was 2-4. When the measurements 
were made only once a day they were normally per- 
formed between 9 and 12 a.m. On each occasion air 
temperature, relative humidity and irradiance were 
registered. Soil temperature and soil moisture were 
recorded at least during one growing season after 
planting, except for Expt. 5 where the recording was 
made only the first month after planting. 
Needle water potential (qn)  was measured on de- 
tached needles in a pressure chamber (Scholander et 
al., 1965; Waring & Cleary, 1967) The pressure 
chamber was especially designed for coniferous nee- 
dles (Djos, Uppsala, Sweden). Between sampling and 
measurements the needles were stored in darkness in 
tubes with 100 % relative humidity. 
Needle conductance (g,) was measured using three 
different types of null-balance porometers. In 1979 
(Expt. 1) the measurements wcre made on shoots 
enclosed in a porometer chamber. The apparatus is 
described by Hellkvist et al. (1980). In 1980 (Expts. 
2-4) the measurements carried out before Aug. 1 
were made with a similar technique but with another 
instrument (Dingbat, Edinburgh, Scotland). From 1 
Aug. 1980, a Licor LI-1600 null-balance porometer 
equipped with a square chamber (Licor Inc., Lin- 
coln, Nebraska, USA) was used. 
Measurements of q, and g, were made on one- 
year-old shoots o r  needles on spring and summer, 
and on current needles in autumn. The projected 
needle area was estimated from the number, length 
and mean width of measured needles. 
The photon flwc density was measured wth a Licor 
quantum sensor (Licor Inc.) attached to the poro- 
meter chamber. 
Vupour concentration deficit (VCD) was calculated 
from air temperature and relative humidity-data 
measured close to  the seedlings with an Assman 
psychrometer. The air temperature was assumed to 
be equal to the needle temperature (cf. Whitehead & 
Jarvis, 1981). 
Soil water potential (q,) was measured with tensio- 
meters (Soil moisture equipment, Santa Barbara, Ca- 
lifornia, USA), complemented with gypsum blocks in 
Expts. 1, 2, 4 and 6. The readings from the gypsum 
blocks were used when soil water potentials were 
lower than about -0.06 MPa. The soil moisture was 
measured 10 cm below the soil surface. If no reading 
of q, was made it was set to  zero. 
The soil temperature was measured continuously 
with thermistors (Siemens M 843, Miinchen. West- 
Germany) or thermocouples (copperconstantan) in- 
serted in small brass cylinders. placed 10 cm below 
the soil surface. At least 2 placesltreatment wcre mea- 
sured for soil water potential and soil temperature. 
The plant water conductance (G,) was calculated 
from the formula (Hellkvist et al., 1980; cf. White- 
head & Jarvis, 1981; Passioura, 1982): 
where q is the water flux per unit needle area. esti- 
mated from the formula: 
q = g, . VCD 
Growth meusurenzents. The length of the leading 
shoots was measured at the end of each growing 
season. For estimation of the mean needle length one 
needle from the middle of the leading shoot was 
measured. In Expt. 1 some randomly chosen seed- 
lings were excavated, and the growth of new roots 
was estimated by weighing. 
Statistical methods 
The mean, standard deviation and standard error 
were calculated for the registered data. Some stan- 
dard deviation data are presented as coefficients of 
variation. Significance tests were made with the 
Mann Whitney U-test. 
Weather conditions 
The readings of air temperature and precipitation 
were obtained from the weather station at Siljansfors 
(Swedish Meteorological and Hydrological Institute) 
in Expt. 1 and from the Field Research Station at 
Vindeln, Svartberget (Expts. 4 and 6). Temperature 
and precipitation data for Expts. 2, 3 and 5 were 
obtained from Umei airport (SMHI). 
During the period of study the weather conditions 
varied considerably between the experimental areas 
and between years (Fig. 2). All study areas, except 
Siljansfors (Expt. I ) ,  are located in a part of Sweden 
which is normally rather dry in spring and early 
summer. After planting Expts. 2, 3 and 4 in June 
1980 very little rain fell during the rest of the summer, 
cqmpared with normal conditions. As an example, 
the total precipitation at Ume5 (Expts. 2 and 3) 
between May 9 and June 20 was only 4 mm and 
during July only 21 mm. 1981 had rather high preci- 
pitation during the summer months, while the sum- 
mer of 1982 was dry at all experimental sites. 
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Fig. 2. Air temperature (daily maximum and minimum) and precipitation during the study period. Expt. 1 was performed at 
Siljansfors, Expts. 2. 3 and 5 close to Umei,  and Expts. 4 and 6 at Vindeln. Note the dry periods that followed planting in 
Umei and Vindeln 1980. 
Results 
Soil moisture and soil temperature 
Both soil moisture and soil temperature varied consi- 
derably depending on the type of scarification treat- 
ment (Fig. 3 and 4). During periods of low precipita- 
tion the soil in the mounds on upturned humus be- 
came dry (Fig. 3b-3d). The highest soil water poten- 
tials were found where no soil treatment was made or  
in the scarified patches. These two treatments result- 
ed in approximately the same soil moisture. The soil 
water potential in the mounds on mineral soil was 
higher than in the mounds on upturned humus. 
SOIL WATER POTENTIAL MPa 
JUNE JULY AUG SEPT 1979 
I 1 I 
P------a ------- 0 
@-%--d6 1 
JUNE JULY AUG SEPT 1980 
JUNE JULY AUG. SEPT 1980 
JUNE JULY AUG. SEPT 1980 
fig. 3. Mean soil moisture (log. scalc) 10 cni below soil 
surface in the different scarification treatments. a =  Expt. 1 
(n=4). b = Expt. 2 (1z=5). c =  Expts. 3 and 5 (n=2). 
d = Expts. 4 and 6 (11=2). (x = Sod moisure lowcr than the 
dctection limit of the tensiometers.) 
0 =scarified patch. 0 = niound on mineral soil. W = niound 
on upturned humus. = n o  scarification 
On sunny days in the summer the temperature 
differed approximately 10°C between the mounds on 
upturned humus and the untreated soil, but all types 
of scarification increased the soil temperature consi- 
derably. Typical temperature curves on a sunny day 
are shown in - Fig. 4a. During cloudy, rainy periods, 
SOIL TEMPERATURE, 10 CM BELOW SOIL SURFACE, "C 
30 j  / 1 
0 
06 12 18 24 06 12 18 
TlME OF DAY 
06 12 18 24 06 12 18 
TlME OF DAY 
0 
1 JULY 1 AUG DATE 
Fig. 4. Mean soil temperature 10 cm below soil surface. 
a=during a sunny period. Johannisfors (Expt. 2). 30-31 
July 1980. n=5. b=during a cloudy period. Johann~sfors 
(Expt. 2). 20-21 June 1980. n=5. c=daily mean tempera- 
tures. Vindeln (Expts. 4 and 6) June-August 1980. n=2. -- 
- = scarified patch. - -  - - = mound on m~neral  soil, - - - = 
mound on upturned humus. = no scarificat~on. 
with low insolation, the difference in soil temperature 
between the scarification treatments was small wich is 
exemplified in Fig. 4b. 
Scarifying increased the daily mean soil tempera- 
ture during the summer despite an often higher tem- 
perature at  night below the unbroken humus layer 
(Fig. 4c). In autumn the soil temperature in the scari- 
fied patches o r  mounds successively became lower 
and finally decreased below zero earlier than where 
no scarification had been made. 
Weather conditions during 
the measurements 
Despite only dry and rather sunny days being chosen 
for the water relation measurements, the weather 
conditions on  the different measurement occasions 
varied considerably, as shown in Table 2. 
Varations in the G,-measurements 
Depending on measurement date the G, of the con- 
trol seedlings varied from 1 to 13 p g  . cm-*. s-' . MPa-' 
(Table 3). There was also a considerable variation 
between the individual G,-values on the same mea- 
surement occasion (Table 4). 
Water relations: general considerations 
The general pattern in all experiments was that the 
planted seedlings, irrespectively of soil treatment, 
had low water uptake (Fig. 5). The most water- 
stressed seedlings, as compared to the controls, were 
found in Expts. 3 and 4, where the g, of the planted 
seedlings was about 3 % of that of the controls. The 
corresponding value for the G, was only about 2 %. 
In all experiments, except for Expt. 5, the qn was 
more negative in the planted seedlings than in the 
controls (Fig. 5). In the comparison between planted 
seedlings and controls. G, was more negatively af- 
fected by planting than was the g,. The highest g, and 
G, levels immediately after planting were found in 
Expts. 5 and 6, where container-grown seedlings were 
planted in late summer. 
Table 2. Some climatic conditions on the measurement occasion. (x = missing value) 
Vapour concen- Photon flux Air tempe- 
tration deficit, density. rature. 
Expt. Date g m-' PE Khs' "C 
4 June 1979 
7 June 1979 
22 June 1979 
28 June 1979 
24 July 1979 
10 Sept. 1980 
6 Sept. 1981 
26 Aug. 1982 
16 June 1980 
30June 1980 
15 July 1980 
15 Aug. 1980 
14 June 1980 
30 June 1980 
15 July 1980 
28 July 1980 
5 July 1980 
16 July 1980 
30 July 1980 
18 Aug. 1980 
2 Sept. 1980 
11 June 1981 
2 Sept. 1981 
5 June 1982 
23 Aug. 1982 
26 Aug. 1980 
8 July 1981 
26 Aug. 198 1 
29 June 1982 
24 Aug. 1982 
Table 3.  Mean plant water conductance (G,,) and needle 
conductance ig,,) of the control seedling.; on diffrrent 
measurement duys 
Expt Date 
g" 
MPa-' cni s-' 
4 June 1979 
7 June 1979 
22 June 1979 
28 June 1979 
24 July 1979 
10 Sept. 1980 
6 Sept. 1981 
26 Aug. 1982 
16 June 1980 
30 June 1980 
15 July 1980 
15 Aug. 1980 
14 June 1980 
30 June 1980 
15 July 1980 
28 July 1980 
5 July 1980 
16 July 1980 
30 July 1980 
18 Aug. 1980 
2 Sept. 1980 
11 June 1981 
2 Sept I98 1 
5 June 1982 
23 Aug. 1982 
26 Aug. 1980 
8 July 1981 
26 Aug. 1981 
29 June 1982 
24 Aug. 1982 
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Fig. 5. Mean plant water conductance ((3,). needle conduc- 
tance (g,) and needle water potential (q,) of seedlings of 
Pinus sylvestris measured within three weeks after planting. 
The mean value includes all planted seedlings and represents 
a mean for all scarification trcatments. Values are given in % 
of that In established controls. *=significant difference 
(p<0.05) between planted seedlmgs and controls. using a 
nonparametrrc test (Mann-Whitney). 
Table 4. Mean coefficierrts of variation in the measurements of plant water conductarzce (G,,), in Expts. I d .  (c t  
Fig. 6). Lowest and highest values within brackets. Description of treatments, cf. Fig. I .  Controls = established 
reference seedlings. (a) = Scarifiedpatch, ibi = Mound on mineral soil, ici = Mound on upturned humus, (di = No 
scarijkation 
Coefficient of variation. % 
Expt. Controls Treatm. (a) Treatm. (6) Treatm. (c) Treatm. (d) 
Water relations: recovery 
The time needed for the G, to recover varied between 
experiments and treatments (Fig.6). As already 
pointed out, the first measured values of G, in the 
planted seedlings were low in comparison wlth the 
controls. but there was also a considerable difference 
between the scarification treatments. At the end of 
the first growing season after outplanting only a few 
of the planted seedlings had G,-values as high as the 
controls (Fig. 6). Expts. 1 ,  5 and 6. wihch were 
measured for several years, showed that the recovery 
period for many seedlings lasted two years or more. 
In Expt. I the seedlings planted without scarification 
had G,-values lower than the controls still four years 
after planting. Especially in Expts. 3 and 4, which 
showed high mortality, the seedlings recovered very 
poorly (Fig. 6). In most experiments the highest G,- 
PLANT WATER CONDUCTANCE. G, , 
% of controls 
I EXPT. 1 
O JUNE JULY AUG JUNEIULY AUG JUNE JULY AUG JUNE JULY AUG 
1979 1980 1981 1982 
values were found in scarified patches or in mounds 
on scarified patches and the lowest in mounds on 
upturned humus. 
Water relations: diurnal variation 
The results in Figs. 5 and 6 are based upon nieasure- 
ments made only at one point of time each day. If the 
diurnal variations are different for different treat- 
ments. the water status of the seedlings might have 
been imperfectly described. An example of the diur- 
nal variation from Expt. 6 is given in Fig. 7. The 
measurement was made on a day with a maximum air 
temperature of about 20°C and with some cloud- 
formation in the afternoon which is considered to be 
a "typical" day (Fig. 7a and b). Both q,, g, and 
G, showed diurnal variation (Fig. 7c. d and e).  Nee- 
PLANT WATER CONDUCTANCE. G p  . 
% of controis 
0 
EXPT. 2 
100 
PLANT WATER CONDUCTANCE, G,, 
% of controls 
PLANT WATER CONDUCTANCE. G,, PLANT WATER CONDUCTANCE, G,. PLANT WATER CONDUCTANCE, G,, 
% of controls % of controls  % of controls  
EXPT. 4 
B 
I 
--L--Y-- 
AUG JUNE JULY AUG JUNE JULY AUG 
1980 1981 1982 
Fig. 6. The development of the mean plant water conductance (G,) of seedlings planted in d~fferent scarification treatments. 
Values given in % of that in established controls. Planting date indicated with an arrow. .=scarified patch. 0= mound on 
mineral soil, =mound on upturned humus, = no scarification. 
11 
PHOTON FLUX DENSITY, VAPOUR CONCENTRATION dle conductance was highest a t  about 9 a .m. ,  when 
pE.m-2,s-1 DEFICIT, VCD, g . m 3  
I the control seedlings reached a value of nearly 1.0 
TEMPERATURE, "C 
NEEOLE WATER POTENTIAL. W,,. MPa 
NEEDLE CONDUCTANCE, g, , cm s-1 
PLANT WATER CONDUCTANCE, GP 
TIME OF DAY 
cm.s-I. The G, also varied during the day with a 
3 maximum in the morning. The controls and the 
planted seedlings followed the same general pattern 
a in their diurnal variations, although the absolute va- 
lues were lower for planted seedlings. 
Survival and growth of seedlings 
None of the control seedlings died during the experi- 
mental period, while the mortality among the planted 
ones was rather high (Table 5). The percentage of 
survival after the first year in the field varied between 
b experiments as well as between treatments. The gen- 
eral pattern was that seedlings that did not survive 
had low G, during the first period after planting 
(Table 6). Compared with the planted seedlings, the 
controls had high shoot and needle growth (Table 7, 
Fig 8). Planted seedlings with high G, had in most 
cases longer shoots and needles than those with low 
G, (Table 8). The height increment was impaired for 
a long period after planting (Fig. 8) and especially for 
seedlings with low G,, the shoot growth seemed to be 
c limited for several years after planting. 
In Expt. 1 the root growth was measured 55 days 
after planting (Fig.9). The root growth of seedlings 
planted in the mounds was considerably better than 
in seedlings planted without any soil treatment. This 
coincided with a more rapid recovery in G, (cf.Fig.6). 
Fig. 7. Daily variation of needle water potential (q,). needle 
conductance (g,) and plant water conductance ((3,). Expt. 
6. 8 July 1981. The photon flux density. vapour concentra- 
tion deficit (VCD). air and soil temperatures during the 
measurement are shown in Fig. 7a and b. 
A =controls. = scarified patch, W = mound on upturned 
humus, A = air temperature. 0 = VCD. 
Table 5. The effect offour different scarification treatments (cf. Fig. 1) on survival one and two growing seasons 
after planting. Controls = established reference seedlings. (a) = Scar6edpatch. (b) = Mound on mineral soil, (c) 
= Mound on upturned humus, (d) = No scarification 
Survival, % 
ppppp Growing seasons 
after planting Expt. Controls Treatm. (a) Treatm. (h )  Treatm. (c)  Treatm. (d) 
1 I 100 99 84 
1 2 100 96 60 25 85 
1 3 100 50 30 0 20 
1 4 100 85 45 10 35 
1 5 100 100 90 30 100 
1 6 100 100 90 80 70 
2 1 100 93 81 
2 5 100 100 80 20 100 
2 6 100 90 80 80 70 
Table 6. Mean plant water conductance (G,) t stan- 
dard error of seedlings that died (A) or survived (B) the 
first growing season after planting, respectwely. G, 
measured within 18 days after planting 
Plant water conductance (GJ 
Expt. pg  . cm-l. s-I MPa-' n 
LENGTH OF LEADING SHOOT. cm 
4th year 
3rd year 
2nd year 
I st year 
50 
0  
O a b c d  O a b c d  O a b c d  O a b c d  O a o c d  O a b c d  
EXPT 1 2 3  4 5  6 
Fig. 8. Lenght of leading shoots the first years following 
planting of established control seedlings (= 0) and seedlings 
planted in different scarification treatments (cf. Fig. I). 
a = Scarified patch. b = Mound on mineral soil. c = Mound 
on upturned humus. d = N o  scarification. 
Table 7. The effect offour different scarification treatments (cf. Fig. 1) on the mean needle length (+ standard error) 
one growing season after planting. Number of observations within brackets. Controls = established reference 
seedlings. (a) = Scarified patch, (b) = Mound on mineral soil, (c) = Mound on upturned humus, (d) = No 
scarijication 
Needle length, mrn 
Expt. Controls Treatm. (a) Treatm. (b)  Treatm. (c) Treatm. (d) 
- - - 
1 47.5+4.3( 4) 18.1&0.9(74) 13.6+1.0(32) 
2 43.6+2.5(10) 28.22 0.9(96) 24.8f 1.1(60) 21.2+_1.2(25) 30.5+1.0(85) 
3 28.4+2.7(10) 14.8f3.1( 5) 16.3+6.7( 3) All dead( -) 15.0+1.0( 2) 
4 44.7t2.0(10) 20.0+-1.2(17) 24.9+2.7( 9) 12.0f  1.0( 2) 12.7?2.6( 7) 
5 34.9+2.1(10) 18.712.9(10) 1 7 . 0 t 2 . 8 ( 9 )  6.0?1.0(3) 14.8+1.6(10) 
6 44.9i2.1(10) 43.0+_6.0(10) 39.0+6.4( 9) 38.7i2.6( 8) 44.3+2.5( 7) 
Table 8. Length qf shoots and needles i standurd error. The seedlings are grouped into two halves depending on 
their plunt water conductance (GI,). GI, k standard error ineasured within 18 duys qfter planting. Needle and slzoot 
length measured one growing teuson after plunt~ng. Deud seedlings are excluded from the table 
Plant yater  conductance (G,,). 
Expt. g cm-- s- ' MPa ' 
1 High 0.25i0.04 
Low 0.1320.01 
2 High 0.40i0.13 
Low 0 .07i0 .02  
3 High 0.37i0.11 
Low 0 .14i0 .02  
Shoot length, 
rn m Needle length. imn n 
26.5 i5 .7  20.5i2.0 4 
35.025.4 16.521.6 4 
46 .7 t6 .4  29 .0 i4 .0  6 
29.229.7 22.7i6.1 6 
41.3f  8.5 16.0kl  2 3 
2 3 . 0 i  10.8 5.7k4.3 3 
4 High 0.29+0.04 28.2i6.2 1 3 . 4 i  2.1 5 
Low 0 .08i0 .02  5.8k2.7 3.623.6 5 
5 High 1.12i0.12 3 1 . 7 i 2  1 15.0f 3.4 6 
Low 0.4520.06 23.324.2 13.3k2.8 6 
6 High 1.33i0.  13 3 4 . 0 i 5  2 49 .W 5.1 10 
Low 0 .52i0 .05  44.5210.7 38 .5 i2 .8  10 
ROOT WEIGHT, g f w NO OF NEW ROOTS 
Fig. Y Root growth (weight and number of new roots) of 
seedlings planted in mounds placed on mineral soil (n= 15) 
Mound on No so11 Treatment and without soil treatment (n=9). respect~vely. Expt. 1.  55 
s c a r ~ f l e d  treatment 
patch days after planting. 
Discussion 
The water uptake was unexpectedly low in the plant- 
ed seedlings in the present study. The reason for this 
was probably poor root functions, as the seedlings in 
most cases were planted in soils with high soil water 
potentials and the controls able to absorb water at a 
higher rate. 
The results in this study are in agreement with the 
results of many previously reported experiments. 
Thus Mattson-Djos (1982) found ten times as high G, 
in seedlings planted with a large clod of nursery soil 
as in bare-rooted ones. Other investigations (Lupke. 
1973; Tranquillini, 1973; Hallman et al., 1978; Lupke. 
1979; Parviainen, 1979) show a decrease in water 
uptake when seedlings were dug out and thereafter 
replanted in the same soil. The decrease in water 
uptake caused by planting was generally larger in the 
present experiments than in those mentioned above. 
which were made under nursery or laboratory condi- 
tions. This indicates that the water uptake is more 
disturbed after planting in the field. 
Contradictory to Soderstrom et al. (1978). the 
mound placed on mineral soil was not superior to the 
other scarification treatments. The probable cause of 
this was that the soil water potentials were generally 
lower in the present experiments. one obvious reason 
being the dry weather. Another plausible explanation 
might be that the present investigation was carried 
out on old clearfellings with a lot of transpiring vege- 
tation. 
The highest G, was, however, generally found in 
seedlings planted in scarified patches o r  in mounds 
on mineral soil. Low G, was found in the mounds on 
upturned humus. When placing the mounds on an 
upturned humus layer the soil temperature increased 
and the soil moisture decreased compared to the 
other scarification treatments. According to the liter- 
ature (cf. Cooper, 1973), the soil temperature in the 
mounds should not be so high even during warm days 
that negative effects on the water uptake capacity of 
the roots would occur. The probable reason for the 
low G, in seedlings planted in the mounds on up- 
turned humus is therefore low soil water potentials. 
Surprisingly enough, a very small decrease in soil 
water potential seemed to have large effects on the 
G,. This is exemplified in Expt. 2, where the G, was 
almost zero in the mounds on upturned humus, alth- 
ough the soil moisture never fell below -0.06 MPa 
during the first three weeks after planting (Figs. 3 and 
6). The water uptake in unestablished seedlings seems 
to be more negatively affected by low soil water po- 
tentials than in established ones. According to pre- 
vious investigations on established seedlings (e.g. 
Rutter & Sands, 1958; Jarvis & Jarvis, 1963; Lopu- 
shinsky & Klock, 1974; Havranek & Benecke, 1978). 
transpiration should be almost constant if the soil 
water potential is kept higher than -0.06 MPa. 
The negative effect of low soil water potentials on 
unestablished seedlings is in accordance with the 
findings of Liipke (1979) who detected that the tran- 
spiration in seedlings of f! menziesii fell to  about 35 % 
when they were planted in dry sand (ca. -0.025 
MPa) as opposed to wet sand (ca. -0.010 MPa). 
When the seedlings were planted without scarifica- 
tion the soil water potentials were rather high but still 
they had low G,. One reason for the low G, could be 
that the low soil temperature below the humus layer 
negatively affected the water uptake in the seedlings 
(e.g. Cooper, 1973). 
The planting depth might also be important for the 
water uptake. During dry periods the surface and the 
top layer will be dry and warm. Different parts of the 
root system will therefore be subjected to different 
soil moisture and soil temperature. Experiments with 
seedlings having their roots divided between soils of 
unequal soil water potentials show that if one part of 
the root system has sufficient water supply the water 
uptake and growth will be nearly as high as if the 
whole root system has high soil water potential 
(Coutts, 1982; cf. Farnum, 1977). The effect of differ- 
ent conditions at different depths could, however. 
have affected the interpretation of the results in this 
study. 
The time needed for recovery varied between the 
different treatments and experiments. In most cases 
the G, increased steadily with time after planting 
(Fig. 6). The increase was accompanied by the deve- 
lopment of new roots (Fig. 9). In Expt. 1 the root 
growth, and consequently the increase in G,, was 
considerably better in seedlings planted in the 
mounds than in those planted without scarification 
(Figs. 6 and 9). Tranquillini (1973) and Havranek 
(1975) also observed a relationship between growth 
of new roots and recovery of water uptake. 
In Expts. 5 and 6 the increase in G, was interrupted 
in the dry summer of 1982 (Fig.6). Especially in see- 
dlings planted in mounds on upturned humus the G, 
was lower in the autumn than in the spring of 1982. 
The probable reason for this was that low soil watcr 
potentials occurred in the mounds, and the roots had 
not reached the deeper soil layers with higher soil 
watcr potentials. 
In the present study the length of the recovery 
period was up to four years. During this period both 
G, and growth were lower than in the controls. In 
many studies the recovery period after planting was 
found to be fairly long. Hallman et al. (1978) ob- 
served only a slight increase in transpiration five 
weeks after planting of f! sylvestris. In two other 
experiments the transpiration of seedling of f! abies 
and I? menziesii had reached 39-75 % of the transpir- 
ation of unplated controls two months after plating 
(Liipke, 1973, 1979). Planted seedlings of L. decidua 
reached normal water status after onc year (Tranquil- 
lini 1973), whereas it took about two years for see- 
dlings of f! abies (Havranek 1975). In subhumid 
areas Baldwin & Barney (1976) report even longer 
periods for seedlings of I? ponderosa and I? contorta 
to reach water potentials as high as those of estab- 
lished seedlings. 
it is a well-known fact that cell expansion will be 
negatively affected if the plant is subjected to  water 
stress (Hsiao, 1973). The poor shoot- and needle 
growth in seedlings with low G, (cf. Table 8), espe- 
cially when compared to the controls, can therefore 
be explained as a direct effect of watcr stress (cf. 
Gurth, 1970, Tranquillini, 1973; Havranek, 1975; 
Hallman et al., 1978; Liipke, 1979; Parviainen. 1979). 
The high mortality among the planted seedlings (Ta- 
bles 5 and 6) is probably also an effect of the water 
stress (cf. Gurth, 1970). The photosynthesis of the 
seedlings was probably very low after planting due to 
stomatal closure (cf. Hallman et al., 1978; Liipke, 
1979; Gross, 1980), and the growth could thus have 
been inhibited because of shortage of carbohydrates. 
In an investigation on Scots pine (Ericsson et al.. 
1983) it was observed, however, that the carbohy- 
drate availability possibly did not limit the growth 
during the first period after planting. The poor 
growth and survival among the planted seedlings, 
especially those with low G, after planting, can thus 
be explained in terms of water stress. 
When measuring water stress there is always the 
problem of getting representative and comparable 
samples. The water status in a seedling varies with 
age, time of day, climatic conditions and location of 
the plant (Kramer & Koslowski, 1979). In the present 
experiments some established seedlings were chosen 
as controls. The controls were used as references to 
overcome the variations depending on differing en- 
vironmental conditions, (e.g. differences in VCD, ir- 
radiance, and temperature) between different mea- 
surement occasions. However, the established see- 
dlings were somewhat larger and older than the 
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